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Electrochemistry in Near-Critical and Supercritical Fluids. 5.
The Dimerization of Quinoline and Acridine Radical Anions and

Dianions in Anmonia from -70° C to 150° C.

Richard M. Crooks and Allen J. Bard
Department of Chemistry, The University of Texas
Austin, TX 78712

Abstract
An experimental apparatus capable of supporting electrochemical measurements in
ammonia at high temperatures and pressures is described. The dimerization reactions
of the radical anions of aquinoline and acridine were studied over a 220° C
temperature range 1in ammonia. The c¢yclic voltammetric and chronoamperometric

experiments were analyzed by the theory for reversible dimerizations. At Tow
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INTRODUCTION

In the first four papers of this series, we discussed the electrochemistry of a
number of inorganic and organic substrates 1in near-critical and supercritical
ammonia [1] and water [2]. The focus of the earlier papers was primarily on
experimental techniques, simple electron transfer reactions, and qualitative
descriptions of electrochemically initiated homogeneous reactions. For example, we
described tne electrochemistry of nitroaromatic compounds, solvated electrons and a
homologous series of diaza-aromatics (pyrazine, quinoxaline and phenazine) in
ammonia from 25 to 150° C at vapor pressures of 0 to 300 bar [1b]. For the
diaza-aromatics, the electron transfer reactions remained reversible, or nearly
reversible, tnroughout this temperature range, and the anion radicals, and the
dianion in the case of phenazine, were stapble on the cyclic voltammetric time scale.

The purpose of the current investigation is to extend these preliminary studies
by exploring the effects of a broad range of pressure and temperature on the
thermodynamics and kinetics of the electrochemically initiated dimerization of the
radical anions of quinoline (Q) and acridine [A). For exampie, the dimerization of
2 in ammonia, which 1is irreversible at -40° C, might be shiftad into different
«inetic regimes at higher or lower temperature, or might be supplanted entirely by a
new process, such as polymerization or protonation. For the current study, we were
able to access temperatures from -70° C to 150° C and pressures from O to 300 bar.
7o our knowledge this is the broadest temperature range over which an
electrochemically initiated homogeneous reaction has been studied by electrochemical
tecnniques. In a previous paper [1b], we discussed the properties of supercritical
fluids (SCF) and how they can be used to advantage as electrochemical solvents. In
adaition, a number of recent reviews have appeared that cover the solution
oroperties of SCF with particular emphasis on separations and solubility [3]. From

an electrochemical view point, the most important property of the SCF is its
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+ SCF permits tuning of the solvating power through a broad range, because of changes .
in density [.) and dielectirc constant {<). A dimerization reaction was chosen for k
.
N this study because it should be sensitive to changes in these parameters. :
e ..
f Qunioline. The electrochemical reduction of quinoline (Q) has been studied o™
previously in acetonitrile (AN) [4] dimethylformamide (DMF)(5], and ammonia [6a,b]. »
! In dry, aprotic media, two one electron-waves appear corresponding to the formation -3
A of ¢, and tne A4- nion, 02'. In ammonia at -40° C [6a,b] and AN at 25° C [4], 7° ~]
o and QZ' undergo a dimerization reaction. The suggested mechanism in ammonia is <
# given in Scheme I. )
v
5 SCHEME 1 >
. :’
- Q+e-=2Q- (1> :.
- 2Q-- (+2K*) — K*+{-Q Q-"}K+ (2) 2
Q- +e &Q2- (3) :
‘ Q2- + Q (+2K+) - K+[~-Q Q1)K+ (4) N
» zl
& N
) Here the electron transfers were assumed to be reversible and the chemical f
) <
v dimerization was found to be irreversible. The forward rate constant (kz) for the ]
irreversible dimerization of Q% in ammonia at -40° C was estimated as 1.5 x 102 [6a] ¢
and 1.0 x 102 47t 7 [6p]. .
. The importance of X' to the dimerization reaction of pyridine in ammonia has f
been demonstrated {[7a]; when the tetra-n-ethylammonium ion replaced ' as the
‘g electrolyte cation, k2 fell by two orders of maynitude. Thus, the dimerization j
i illustrated in Scheme 1 relies on ion pairing. The reduction of Q by chemically ﬂ
' jererated solvated electrons (es') in tetrahydrofuran (THF, - = 3) resulted in the S
N formation of 999, dimeric dianion as verified by ESR {5c], but in :
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. hexamethylphosphoramide (HMPA - = 46), the monomer was quantitatively formed. The A
! é
y shift in equilibrium was correlated to the differences in the dielectri¢c constants ﬁ
P
and solvating power of the solvents, In DMF, the 1,4'-dihydrodimer has been
o
suggested as the structure of the dimer, but conclusive proof is lacking [5]. *
: e
| Pyridine {7b] and pyrimidine [7c] have been shown to dimerize as the 4,4'-complexes A

in 1,2-dimethoxyethane and AN, respectively. B3y analogy, it is likely that Q% forms

y either the 1,4' or the !,4' dimer upon reduction in ammonia, Fig. 1. E
o
[ Acridine. The polarographic reauction of acridine ‘A) in watar has been Eﬁ
. o
) descrived [3]. Depending on pH, either twe single electron waves or a single :‘
w
. two-electron wave was found; a 2-9' dihydro-dimer was isolated. [n DMF, two E:
» Y
one-electron waves were observerd [9a], and similar bSehavior was found in AN, where g:
the opresence of a dimeric species was reported [4]. Compounds related to A have !;
; seen stuadizd; 9-cyanocanthracene [9b7] and 9-carboxyantnrdcene [9c] were shown to form é?
9-10' dimers in dimethylsulfoxide (OMSO). Suggested structures for the A® dimer are E&
shown in Fig. 1. "o kinetic data are available for the reduction or following E
s
reactions of A 1n aprotic media, and the electrochemistry of A in ammonia has not ;
‘ N
Seen reported previousiy. N
¥4
Theory of FElectrochemically Initiated Dimerization. Cyclic voltammetry, E}
cnronocouiometry and doudle potential step chronoamperometry {OPSC) were used to E§
investigate the heterogeneous and homoqgeneous kinetics and the thermodynamics of Q gs
and A 1n ammonia detween -70° © and 150° C [10]. The general methods for treating é\
)
homogeneous  chemical reactions following a reversible heterogeneous electron &:
: transfor (ErC mechanism, were described over twenty years ago [10-13]. The i\

consecutive dimerization reaction, a special case of the general second order

Nt

o
|._'-
reaction, is of particular interest for compounds such as Q and A in aprotic media. t
u',. §
in previous experiments involving the dimerization of Q* and A*, the position of o
aquilibrium 1n the reaction was assumed to be shifted strongly towards the dimer, !
3.
l..
and tne back reactron ‘monomerization) was not considered. If the rate of the back S
'.'n
',\
N
3
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~
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reaction is significant, however, the reaction must be treated as a reversible

M NS
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process.

2

Three possible mechanisms can be considered for the dimerization reaction,

LI 4
4

These generally follow previous dimerization schemes investigated extensively for

‘.:' A; .; .t::)'

-
»
o _a_s

oy

the radical anions of activated olefins and related species [14,15]. Using Savéant's

notation [15], we can represent these as follows:

f1) The radical-radical coupling mechanism (DIM1): g

ky Ko ®
R+e & R- 2R-Z Ry Ko = K,/ K,

)
K i

»

AW

]

‘2) The radical-subtrate coupling mechanism (DI[M2)

L X
NSRS

.\
2

R+e =R- R-+R =R, Ry~ + & & Rp?

-.‘ l‘ '.'

e N
AP N

e
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'3, The dianion -sutcstrate coupiing mechanism (DIM3)
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where K2 is the equilibrium constant for the second order dimerization, and k_2 18 E’
]

the rate constant for the back reaction (monomerization). The DIi42 reaction shown !
here is of the ECE type, and a related mechanism involving radical-substrate %‘
v 3
) coupling, and subsequent disproportionation of R%® in solution, can also be )
o
considered (DIM2-DISP1l) [1l4f,g,h,1,16b]. The simple mechanisms shown above can be -
complicated, or their rates altered, by the presence of a proton source, especially ii

-

N
water [14j, 17]. Since the ammonia, electrolytes, and cells used in this study were ;;
Lol

[

aasily dried, such complications were avoided. Proton abstraction from the solvent )
34
is unlikely, since ammonia remains a weak acid even when supercritical, as :f‘
previously demonstrated by the stability of tne highly nucleophilic phanazine :a
[

dianion [inl. g
'\:_

L in a subsequent section, it will De shown that the DIM1 process dominates the ;:
1 P
: homogeneous chemistry of the Q and A radical anions throughout the temperature range e
e

studied. Although the DIM3 mechanisin does not apply to the dimerization of the ;
radical anions, a case can be made for a contribution from DIMZ2. Radical-substrate ik
S

coupling could occur in some systems [14,18]. For species related to those of the e
i

current work, a pure 004l scheme has been shown to apply [14,19,20]. In addition, Q
tne results reported here for the dimerization of radical anions follow strictly the E&
AL

-\'

theoretical behavior for a pure DIMl scheme. In the analyses of these reactions, we o
have assumed that if the DIM2 reaction were to play a major role in the dimerization !_
af the O and A systems, it would be of the ECE type, and that the potential of the E;D
second electron transfer would occur at a potential positive of the first, since no 12.
second wave was ooserved for the dimerization. !.
o

The voltammetric treatment of the DIMl case is best summarized by a zone %Z

. . / -
diagram, Fiq., 2, wused by Saveant et al., [15,20,21]. The construction of the e
. R . o~y
diagram simplifies the analyses of complex reaction schemes, because only the N
X
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minimury  number of parameters which govern the experimental observables are included
for consideration. For the consecutive, reversible dimerization reaction, only two
parameters are vrequired to completely describe the state of the system. In some
regions of the diagram, limiting behavior obtains 1in which one or both of the
parameters take on very large or very small values. Within these zones, the
theoretical treatment of the system can be simplified, since fewer parameters need
be considered.

The voltammetry of the reversible dimerization reaction is described by a

Ay Y

W had AN

AR

PR

Wi

AR
X

[} l_._\.'\;-

thermodynamic, or equilibrium, parameter: - = l/KZCR*, and a kinetic parameter: s o= -
(RT/F)(kZCR*/v), where v is the scan rate, R the gas constant, T the absolute Eg '
temperature, F the Faraday, and CR* the bulk concentration of substrate [15,20]. gg;
The zones in Fig. 2 correspond to predicted electrochemical behavior for different Ef_
“”
values of < and . KG is the most general zone, in that both +« and " are required E,'
to describe the voltammetric response. Analysis of the voltammetry in the KG region gé'
is difficult, since analytical expressions which govern the observables [peak f:—
current, ip; peak potential, Ep; or wave shape) cannot be derived. At very large ;S;
values of KZ’ i.e., as . —-> 0, the reaction depends only on °, and at small values ;\.
of kz/v zone KO is obtained. The voltammetry in this zone appears quasireversible; é;
when kz/v —> 0 (- —> 0j, reversible behavior {zone DO) is obtained. When kz/v E;;
becomes farger (- —> - ), totally irreversible kinetics (zone KP) are observed. E:;
~
As - increases, . can remain small for significant values of k_2. [n tnis g_
case, the forward and reverse kinetics are sufficiently facile to allow a near ngi
equilibrium concentration of monomer at the electrode surface upon scan reversal. Eif
This behavior corresponds to zone KE, where the single parameter on which the g:
voltammetry depends is ‘1/2‘3/4. As was the case for zone KJ, the current response E;E'
in KE appears quasireversible. DE appears as a limiting case of XE as 172,373 —-> izz
. ™
% fnce again, the voltammetry appears reversible, since the kinetics are P\
-
completely facile 1in either direction, and an equilibrium concentration of nonomer ?E
N,
b
X
:9;;;,:k;;f;:;tk:}tk;;:};;;;:;:;:;:k;rzhﬂ;;f;{;f;i;g*}“}}}?é?afs?cf,*,“,}}?e}a},},*,?:*}‘}*;*}\}‘}“??f“}‘;\}‘}}i‘i,
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is maintained in the reaction layer adjacent to the electrode surface. Zone XP
(- 1/2 3/4

appears as tne other limiting case of KE > 0). The final zone, DI,
pertains uniquely to the dimerization reaction scheme and represents kinetic behvior
intermediate between the two diffusion controlled zones, Of and D0, where the
current response is controllea solely by tne egquilibrium parameter, . Since this
zone does not depend on -, the voitammetry appears reversiple, From the definitions
of ana "see Fig. 2., the kinetic description of a DIM1 reaction can be moved
int) Jiffarent zones, i¥ a wiie range of 2xperimenta! parameters are available. for
2xample, wvariation of v Droduces movewent 3iong the norizontal axis, while either

* - Ry . -~ - .
c ar <2 can DJe empioyed to Tove along the vertical axis. For soiutions of

2

reiatively hich wviscosizy, Sucn as agueous soldations at 25° 7, v can easily be
jariea tnrougn five orders of maqnizude. Thus, for the most kineticaily sensitive
region of the zone diagram [log . = -2;, a system can be quite thoroughly
cnaracterized, since it can oe farced into either 30, KO, XP, XE or DE by variation

*
2f scan rate. >ince botn and depend an C, , the latter is not particuiarly

R
valijaoie for independent adjustment of . aiong the vertical axis. Since K, is a

2
strong  function of rtemperature, it can Se effectively wused to control the
2guitiorium paramenter , nowever, as shown by results presented here. [t shoula
tner2fore Dbe possible to adiust the temperature of a system such that a single
experinenta!l model would allow the determination of the reaction mechanism and
sermit calculation of KZ’ k2 and k_z. However, the necessary wide range of v may
not oe availaple, oecause of the way that solution properties change with
temperature. As the temperature of a solution is raised, its viscosity decreases
and tne possioility of convection increases, resulting in an increase in the minimum
Jseful value of .. Moreover, solution resistance may increase with temperature,
since the dielectric constant falls. Therefore, the fastest scan rates, or step

times in the case of OPSC, are limited by the time constant of the cell., In

principle, this limitation can de minimized by reducing the area of the electrode.
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The broadest control is achieved throuyh the use of multiple electrodes encompassing
a distribution of areas over 4 or 5 orders of magnitude.

As shown below, for the CV of the Q and A systems over a broad temperature
range, three kinetic regimes were identified; the appropriate theoretical model was
applied to each. A planar electrode, a Nernstian electron transfer, identical
diffusion coefficients of the reduced and oxidized substrate [20] and semi-infinite
linear diffusion were assumed in all cases.

{1) In zones X0 and K? the dimerization (DIM1) can be considered irreversible.
In these zones, encountered in this study at low temperature, the effect of k_z can
be neglected, and the theories of Nicholson [16a] and Saveant [16D] are employed.
The cathodic current function, 1p’c/(vl/2-CR*), is relatively insensitive to changes
in v, increasing about 18% [16b] as - increases over the entire kinetic range, and
tnerafore it is not particularly useful for characterization. The cathodic peak
ootential & , and CR* change with v in a mechanistically diagnostic way for DIM1

p,C

_15,16b1:

(Sa]
—

JE, /3 log Cg’ = 20 (T/302) mV
3E, /3 log v = -20(T/302) mV ()

Tne current function is useful for gqualitative discrimination between the DIM1 and

M2 reaction schemes. For DIM2, the current function decreases by about 4% with

*
increasing - over the kinetic range "16b]. Changes in Ep c and CR with " can also

)

e used to distinguish detween DIM1 and DIM2, since they exhibit different behavior

in the zones of irreversible kinetics [160]. For DIMZ2:

0Eyc/d log Cg" = 30 (T/302) mV (7)
dEgc/0log v = -30(T/302) mV (8)
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The ratio of <the anodic to cathodic peak current is closely related to k,, since

2)
some of the R* will dimerize and will not be oxiaized upon scan reversal. [If 7 is

the time between the standard potential and the switching potential [E:-E°)/v, then

for DIML:

wnere . is a dimensionless parameter related to ip a/1p c through a theoretical
b Y
g

AOrKin curve a 1is a dimensionless scan rate pdarameter (a = nFv/R7) and n 15 tne
g s )

number of electrons transferred [ 16a].

‘2, in zones, Xt and KG, found at moderate to high tenmperatures, the effect of

tne Hack reaction must pe accounted for through tne eguilipbrium constant, K on

x
tnis zone, Saveant's ‘treatiment based on DPSC was applied [20]. ©OPSC involves
potential excursions from a region where i = 0 to the plateau of the cathodic wave
for a time -, followed hy a step back to the plateau of the anodic wave. Under these
conditions, only mass transfer and homogeneous kinetics need be considered and

remgves the necessity of considering heterogeneous Kkinetics. For an electron

“ransfar that results 1n a stable product, the ratio of the currents measured at the

it

2nd 2f <he negative-going step (t=-) and again at t 2, 1SR =12:)/10%) =

r
2.293. A dimensionless, normalized value of this ratio, R, will be used throughout
~his aiscussion where R = [i(Za)/iQ;)]/Rr. R =1 1n zones DO and DE, and R = Q 1in
zone XP. R has intermediate values in zones KO and KE.

The complete theoretical treatment of the DPSC technique, as applied to scheme

L, ©an be described by a zone diagram similar to that shown in Fig. 2 (Ref. 20, Fig.

(@8]

. The experimental evaluation of :2, k2 and k > is made by constructing a plot cf

< v¥S. . Etitner the maximum or minimum of this plot is compared to a working curve

. 20, Fi3. 25, from which tne magnitude of - is obtained. The magnitude of k2

can De calculated from , which can be estimated from a set of working curves (Ref.

\"s'\_\.

22T

20

AP,

s

, s

...'\- ‘.. '.. '5. \- \- N

A
o

P4

A4

—a s

XN

(AN B
Tufe g e, ' e

KT A A

3
[

LA Yy

A e
-~ %

PR )

2L 5T s

T

T L,

]



| At ctaSiial AR A T ) A ANRY LN OV N v AT TR Aul'é W W N T T N W T RO AL AR A

RS

oy
11 i‘
I (l
| A
; 20, Fig. 1} and tne rate constant of the back reaction calculated from Ky = Ky/k e v
| - .'J‘.
| {3) In zones DJE and DO the following reaction is not manifested in either S;
< g
ip a/jp c or R, because of either very fast kinetics (high temperature, zone DE) or i
s ’ kY
. . - 'J )
very slow kinetics (low temperature, zone DO). In zone DO, the CV is that for an )
L . b
uncomplicated Hernstian reaction [1b,22]. Zones DO and DE can be distinguished ;‘
. ‘
P
tnrougnh  tne variation of peak potential with concentration. In DO, Ep is | -
, L * _ . -
ingepengent of . , wnile in DE [15]: W
" -\ 13
,\f
':\
oA
9Epc/d log Cr’ = 30 (T/302) mV £10) ;._ )
q:‘
vy
y
. - ~ « ~c M - . ,
©s0Ttn zones, = _ 13 1ngependent of v _.4f l6bl. Tne current function does not k;
o ,
[
/ary with far ertner JIMI or 21M2 1n 20, and only a 3% variation of the current 0.
B J
, | | 123 : L
fanct1 .~ L1th the XKinetic paranetar is observed detween zones 4P and Jt for )
o
JiM1 [ 14f,16D7. Under Jur experinental conditions, we were unable to access zone 2
~ )
3E, and thus it 15 not 1iscussed Tirtner. ?.
::\.
EXPERIMENTAL X
o N
Cells and Electrodes. Tne nigh pressure;higjh temperature ceil used for most of | 8
tnese  =2xperiments, snown 11 F13, 3, is J4ifferent than the one used previously [1bl, :4
meciuse  the earlter celi was difficult to c¢lean and dry thoroughly. For the ;C(
24pertments  descrided nere difficulties were encountered with even very low !‘
.\-l
concentrations  of 2xygen, water, or other impurities. Ahile the cell used here was Fj’
-" -
l\-.
2as5y %0 clean and dry, 1t was not provided with an independent means of i;
pressurization, as in the earlier cell. This represents a limitation to the types D..
N
. . . . . . . b\.-
of experiments wnich can be done, since the variation of solution density above the o~
l~.
. . . . . . '.\‘.
critical point is precluded. Instead, the pressure in the cell follows tne vapor =~
I\,
pressure {coexistence) curve of anmonia up to the critical tempercture (TC). Above L
-.':
T. the pressure is determined by the volume of the cell and the mass of ammonia :}.
C X
e
)
A
" A
s

OISy

P ol o
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originally present.

The design of the cell is based on a commercially available high pressure bomb
‘nodel no. 4651, Parr instruments, Moline, [L). The base of the cell was made of
316 stainless steel, and the cylindrical interior had a volume of ca. 75 mL. A
glass liner fitted to the interior prevented contamination of the solution by
corrosion products of the metallic cell at subcritical temperatures. Above the Tc’
tne solution contacted all intarior portions of the cell. A detachabie lid, also of
stainless stael, was tapped with tapered pipe threads (NPT) to provide for a number
of “eedtnroughs. Tne halves of the cell were attached to each other by means of a
flange arrangement and a stainless steel aiamond-shaped gasket {Parr Instruments).
Taper Seal to WPT adapters [digh Pressure Zquipment, Erie, PA) were screwed into the

13 to accommodate the electrodes and other hardware necessary for these experiments

Unliike the earlier cell, tnis cell was not able to accommodate more than a
singi2 working electrode. For reasons described earlier, it is advantageous tc use
severai working elactrodes with different areas. Despite these two limitations,
tnis cell was adequate for obtaining reliable data from ammonia solutions between
-70 anma 130° . 3otn czells showed similar behavior at room temperature where
impurities have little effect. Witn tne earlier cell at 25° C, changes in kinetic
and thermodynami¢ parameters were not changed significantly by pressure changes over
the range 1 t3 300 bar.

Tne previously described 0.040 inch diameter tungsten disk working electrode [A

2 )
= 02,3083 cm”) w~as used for most measurements [1b], but occasionally a tungsten

ultramicroelectroge “UME) was wused for fast scan rates. A slight modification of
the electrode construct1an procedure permitted fabrication of tungsten and platinum
Jltramicroelectrodes {UME}. The following modification was applied for tungsten UME
with areds in the 10'4 cm2 range. Before sealing the tungsten rod into uranium

glass, the tip was mechanically qground to a sharp point, then further etched by

'b .I
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heating the rod and plunging the tip into crystals of KNO This resulted in a

X
highly exothernic reaction that vaporized the tungsten rod slowly, and caused the
tip to become quite sharp. The modified rod was then subjected to the previously
described procedure for construction of the finished electrode [1b]. The glass near
the tip of the electrode was carefully ground until metal was encountered, then
polished as described. Since the area of the electrode was small, it was important
that no air oubbles were present at the metal/glass interface., This was easily
cnecked under a microscope, and polishing was continued until a bubble-free region
was encountered.

4 second type of modification »f tne basic procedure allowed fabrication of
even smaller area .(ca. 10'5 cmz) disk electrodes of =ither tungsten or platinum.
Platinum 92r tungsten wires {Alfa-Products, Danvers, MA} 25-100 um in diameter were
sealed 1in Pyrex 7052 capillaries by tne same technique as used for the tunjgsten
rnds. The glass sheathea wires could tnen dDe sealed to the Pyrex portion of the
¥Yovar to Pyrex seal {Ace Glass, Vineland, MNJ). Construction was completed as
oreviously described [lol. Altnhough tne coefficient of expansion of Pyrex 7052 is
not well matched to either tungsten or platinum, the small diameter of <he wire
permitted an excellent seal. (When wires with diameters larger than 100 um were
used, the glass/metal seal separated upon cocoiing and the elactrochemical response
was unacceptable.)

Procedure. The cell was carefully cleaned and dried. The working electrode was
nolished and attached to the lid prior to assembly to allow proper positioning of
the reference electrode. The sheath of the ungrounded tnermocouple served as the
counter electrode. After attaching the lid, pressure transducer, and associated
hardware, the <cell was placed in heating mantle and attached to the vacuum line.
The cell was evacuated for at least 24 n at 100° C or until a vacuum of 10'6 Torr

was obtained, then it was moved into an inert atmosphere box for addition of

electrolyte and substrate. After reconnecting the cell to the vacuum line,
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sufficient ammonia was distilled directiy into the cell to obtain a pressure of ca.
300 bar at 150° <. The prepared cell was disconnected from the vacuum line and
placed in a heating mantle (for experiments above room temperature) or a dry ice
bath (for low temperature experiments). All experiments were done with a constant

mass of ammonia.

Chemicals. The preparation of ammonia and tne electrolyte, CF3SO3K, has been
descrived [lb]. Occasionally the tetra-n-butylammonium (TBA) salt of CF3SO3K Nas
ysed as supporting electroiyte. CF3SO3TBA (Alfa Products, Danvers MA) was dried

in  vacuum at room temperature for 2 days and used without further purification.
CF SO3TBA was not stable 1n ammonia above 100° C. Quinoline {Aldrich, Milwaukee,
Al; was vacuum distilled twice, and stored over neutral alumina {Woelm Pharmica).

ne purity was verified as setter than 99.5% by 5C-MS analysis. Acriaine [Aldrich)

was vacuum SubDlimed twice, 3oth were stored in an inert atmosphere Hox until
neeced.
Electrochemical Measurements. The cyciic voltammetric an chronocoulometric

Tecnni jues used were described previously [ibl. The DPSC measurements were made as

ol l0ws. The potential was held at least 200 =V positive of Ep c and any residual

y

current «as allowed to attaln in a steady state value. The potential was steppea to

3 point at least 200 m»v  oast Ep c for a time -, and tnen to a potential 200 mV

26s1%Tve  of Ep 3t The potential was occasionally steppea further negative or

positive to ensure that heterngeneous xinetics or other processes did not contribute
2 tne current response. The residudl current was subtracted from i) and i(2-).
in sone cases, 12 feedback was used. - ranged from 5-1000 ms, but only smaller
vaiJes were used at nigner temperatures, because of convective interference in the

desireq 11 f%uysional response.

The reported values of £,  were either corrected for kinetics or obtained in
[

/

*
00 wnere :D wds 1ndependent J)f v and CR . «here this was not possible, as in zone

¥G, the uncorrected value of Ep is reported. All potentials are precise to +10 my
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and are reported vs. the onset of es' generation, as previously described [1lb].
Concentrations were corrected for the change in density of the solvent with
temperature. Temperatures were controlled to #2° C and pressure was controlled to
+2 Dbar. In zone DG, ip,d/ip,c was calculated by the semiempirical technique for
wernstian electron transfers resulting in stable product [23]. In zones KP and X0,
the current ratio was determined by the theoretical method described by Nicholson
for irreversible dimerization following electron transfer [16a]. [n other zones the

-1/2

current ratio was obtained experimentally by measuring 1p a from the t decay of

tne cathodic electron transfer [24]. The precision of tne current ratio

measuremnents was estimated to be +5%.

RESULTS AND DISCUSSION

Cyclic Voltammetry. Cyclic voltammograms for the first reduction of quinoline
in the opresence of <" from -70° C to 150° C are shown in Fig. 4, and tne
vso0ltammetric data 1is summarized 1in Tablas 1 and 2. At the Towest temperatures,
rigs. Jda.d, the voltammetry 15 similar to that descriped previodusly for tne
raquction of 3 1n ammonia 6a,o]. The larje cathodic wave at ca. +0.30 V is due to
the single electron reduction of J feq. 1) and tne corresponding anodic wave is due
t0 the oxidation of J°. A second anodic wave, present about 1.1 VY positive of tnis

couple, is due ¢ oxidation of the ion-paired dimer:

KH~Q Q}K*+ - 2Q + 2K+ + 2¢-

—~
[0y
[

The variation of current function with scan rate, Table 1, is consistent with a
second-order reaction. ‘£ /-log v is ~19 and -15 mV/decade at -40 and -70° (,
respectively, compared to the theoretical values of -15mV and -13 mV for a totally
irreversible D{M41 process {zones XP, KU). These sligntly high values are probadly

due to either a small uncompensated resistdnce or smali contributions because the
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dimerization is not totally irreversidble. The change of the current function at g
i,
-40° and -70° C (16-22%) is also consistent with the changye expected for a DMl -
N
reaction in zones KO and KP. i
N
The change in magnitude of 1 /i with v at -40 and -70° C is listed in ;:
pva p;C .\f
Table 1; Micholson's method [16a], described previously, was used to correlate this ~a
variation of the rate constant for the irreversible dimerization of Q°. Average
AN
values of k2 = 1.1 «x 103 and 4.3 x lO2 M 157l were found at -40° and -70° c, j:.
-f“'
respectively. The value at -40° C is higher than those previously reported, 1.5 x ::j
”
10% ang 4.0 x 102 M7hsTH [6d,b]. The discrepancy in the first case appears to be 3 .1
- giw]
calculation error [6a), because the switching potential, E. would have been well K
) -
o
by
into the second reduction of Q to obtain the reported k2. [f a more re2asonable ::

valise of = is considered, the raported data indicate a dimerization rate more in

-~
v
1

i1ne with the one reported here.

-

'ne low value 1in the second case (5b] may have been due to the presence of a

VA

trace of water 1n the system. [n general, water will act to increase the speed of !
the dimerization [17J; nowever, partial passivation of the electrode by preacipitatad ﬁf‘
o
“OH  woula suppress x,. Additionaily, the diffusion coefficient (D) which ﬁ:
- =5 -1 . ‘
corresponds to the reported k2 (u=8.2 x 10 ° cmzs ), 1s much lower than the one i.
MY,
. . ) -5 2 - . . . e
found in this study [D=2.7 x 1077 cns 1), or for similar molecules in ammonia at o
by
-40° C [1lb,6a,7al. [f the error in D 1is assumed to have arisen through the -:_
b
concentration, or a smaller electrode area because of partial passivation by KOH, !_.
NS
I-'..
and the rate is recalculated based on a lower concentration estimated from the Do
X
differences in the diffusion coefficients, k2 1s equal to 1.2 x 103 M 1s 1, which is g
I
close to the value we report. !,
I',.
- X
The dimerization reaction of Q¢ displays some degree of reversibility as the e
r:‘
temperature 15 raised, fig. 4c. In tnis temperature domain, a plot of 1p g VSe v ;;.
’ ALY
should display a minmimumn, since ip d/1p - 1 at very fast scan rates (zone DO),
) 9 o,
=
while ip a/ip ¢ G 1 at slow scan rates [zone DE or DI). At intermedgiate values of Qk
&' o, )
N
b
3
4
T T T R R B A L A A IR S S
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 ; Vv, 1p,a/ip,c < 1, since the kinetics dare reasonably facile in either direction. We

:i detected this behavior between -30° C and 60° C with the range of scan rates

o available (v=0.2-50 V-s'l), Table 2. Above 60° C, Figs. 4d,e, the kinetics become
ng so facile 1in both directions that ip,a/ip,c 3’1 except at the slowest scan rates,

E where convection probably interferes 1in the measurement. Near 125° (, the first
] reduction wave 1is too close to the second reduction for reliable measurements of

M
~§; 1p a/lp.c’ Figure 4f.
1:: In the absence of " {i.e., with TBA+ as supporting electrolyte cation) no

- dimeric species were detected at any v at room temperature, and the voltammetric

5 analysis indicated a reversible electron transfer with formation of a stable product
;g on the voltammetric time scale {zone 20), Fig. 5. At -40° C, CF3SO3TBA was

;x relatively insoluble in ammonia, but by using an ultramicroelectrode, we detected a

" .
iﬁ raduced plateau current upon scan reversal, suggesting very slow dimerization. e

-~
‘E 2stimate that the magnitude of KZ falls by about two orders in tne absence of <"

Yo measurements were :lade above 22° (, because CF3SO3;’3A {5 unstable 1n ammonia at
;i eievated temperature. \
Nd
i; The cyclic voltammetry at various temperatures for potentials encompassing both
;: reduction waves of Q 15 shown in Fig. 5. The voltammetry is somewhat difficul:t to

;ﬁ analyze pecause of tne proximity of tne second wave to the onset of es', hut severa) t
:3 features are evident, At low temperature, “he height of the second wave is smaller J
; than expected for a second one-electron process ‘eq. 3;. This is consistent with

; the dianion-substrate coupling mechanism D{M3, b%ecause QZ' reacts with G as 1% :
:E 1iffuses away from the electrode surface, the concentration of 2 falls, and the E
2 height of the second wave 1s suppressed. The dimerization of 3% /eq. 2) also b
i; removes 4 portion of the contribution to the current at the second wave from Q°.

‘.

. Close examination of Figs. Ba-c raveals a very small anodic current at a

35 potential corresponding to the oxidation of 322‘. it 1s interesting that a wave

iy corresponding to the oxidation QZZ' is detectable at room temperature, when the scan

A

)

Y, '
_: .
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1s continued past the potential for the second reduction of Q (Fig. 6c), while the
wave 15 not detectable if the potential is reversed prior to the second reduction
(Fig. 4cj, since the «inetics of the monomerization must De the same in either case.
Propably es' formed coincidentally with the second wave promote formation of
aaditional dimer. This was verified by scans deep into es' background and ‘woting
that tne primary product was dimer ratner than monomer. At higher temperatures, the
reverse kinetics pdecome so facile that the diner is not observed on the voltammetric
time scale, Fiys. 5d-f, and tnre second wave is roughly the same height as the first.
This resuls, aiong with tne absence of 3 reversal current at the second wave, i3
consistent with a 2[.°3 reaction in fast equilibrium with the anion radical in the

regction layer:

Q% + Q20,2 112
Q2 =2Q°

“cte trhat in F1g. 5 the *wo reduction waves move toward each otner as the

A

“2mperaturs  is  raised; i.=2., %he catnodiz peak separaqtion fAEp c decreases. (M3
Jenavyrar 15 tne same as that found Tor A, dut contrary Lo our praviuusiy reported
results  for structuralily related compounds _.d). This subject will be 1discussed in
“ore getail later.

"ne voltammetry for the first reduction of A, Fig. 7, sugqests a ‘allow-up

. . . - + . . ~ ~
Jimerization in tne presence of < similar to that found for 3. Even at -40° T no

-

: S R . S
rayerse wave 135 observed at scan rates up to 53 J/-s °, indicating that (2 is larger
tnan  far 3, hut k-Z d0es not 1ncredse praportionaily; that is, K, 15 laryer far A

tnan  for 7 oat any temperature. In tne intermeaiate temperature range, N to 63° 7

Rl )

tne voltammetry indicates an equiiiosrium detween dimer and monorer, and a m1nimun

appears 1n a plot naf ip a/ip c VSe v "Taple 2, as was the case for the quinoline
] A
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S
:fg system at moderate temperature. At -65 and -40° C, the current function decreased
“~
§§ with scan rate between 13 and 22% and the changes of Ep with 1og v were also near
‘ the theoretical values for a totally irreversible DIM]1 reaction,
iig, Above 60° C, the voltammetric data, Table 2, indicate reversible
X electrochemistry with stable product. [t was not possible to make meaningful
:h* astimates of ~Ep’c/-1og v at higher temperatures because of errors in the measured
EE potential introduced by the high solution resistance. It is likely, nhowever, that
;E the system 1is near the niddle of the KG zone at tne higher temperatures. Tnis 1s
suggested by the elevated current ratios found at 100 and 150° C, Table 2. In
i
rs certain instances, ip,a/ip,c’ can exceed 1 for a reversible dimerization reaction
,)E r20]. in effect, some of R* is stored as RZZ', and when the potential is stepped
; 7 fsositive, some of the dimer near the electrode surface dissociates, ¢reating an
;éi excess of ¥, For DPSC, it can be shown that this situation occurs near KG.
i'E; Fi1g. 3 shows the voltammetry encompassing the first two reduction waves of A,
11!' Althougn the Dpehavior 1s similar to that previously described for G, there are
.EE significant di1fferences at tne lowest temperatures. Particularly noticeable is tne
o
3; apsence of wave corresponding to the second reduction of A, Figs. 8a,b. This
‘ f f2dature 15 rather d1fficult to raticnalize, since it implies that aither A® cannot
o
Ei e  reduced at low temperature or that it is reduced, but is so kinetically unstabie
L™,
5:: that 1%t reacts juickiy to procuce a species that transfers an electron back to the
o
.;- elzctroge. The latter situation seems wunlikely, since reasonable products are
;iv orapably rnose 9f JIML or 3[M3., Neither Of these would spontaneously transfer an
£§ 2l2ctiron dack to the =lactrode at so negdtive a potential; thus, the second electron
_.. transfer must De inhibited at low temperature. This subject is discussed in nore
oy
':\ detail later. !
:52 At room  temperdture ana apbove, Fig. 2c-f, the electrochemistry of tne secona
¥
- reduction 135 Jualitatively simlar to that of 9; <he magnitude of tne secona wave is
h. E suppressed, 4pon scan  reversal little or no0 backwave is founa ‘or AZ_ ana At
R
g
o~
AP
AV I N A A AN N/
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decreases witnh temperature. These points are consistent with a DIM3 process in N
-
rapid equilibrium with the anion radical, eqs. 12 and 13. ::
. -
b The polarographic half-wave potentials for the first reductions of A and Q, j:l
. ._‘
determined from the cyclic voltanmetric Ep value, are plotted as solid points in o
M)
Fi3. 9. Thne points corresponding to Ep for A at high temperature (open squares) were A
> .-:
) not included for reasons given previously. 7The line drawn through the corrected Z:
4 -
b Y
q E"Z values y1=21d slopes <JE1/2/dT) of -2.6 and -2.9 mV/°C for the first reductions ::
' T A and Q, respectively, These values are in good agreement with those found A
3 )y
b araviogusiy for tne first and second reductions of the diaza-aromatics where the -
4 Y .
b average slope was -2.4 aV/°C T1bl, This implies tnat tne entropy of formation for ,;

~adical anisns of arcmatic species 1n ammonia 1s ca. -230 J/nol-K.

s 1R

X

The variation of Ep ‘not corrected for temperature or Xinetics: wiznh :S;

temperatyre for tnhe secona reduction of A, EpZA’ is plotted in Fig. 9 as open EE:
trianglas.  Tne pedk potentials for tne second reduction of {§ are not shown, since ;;
o

“ne wave w#as too claise to the backgrouna for reliable measur=ment. However, i;
jualitatively AEQ,C far ) foilowed tne same trend founa for A, At the lowest E&

temperiture, nc wave 15 found for tne second reduction of A, but as the temperature !;e
KRS

15 raised, 2 wave 15 observed, and Ep snifts pasizive; that is, EpZ snifts closer %o ﬁa’
“ne  first wave. This observation 1s contrary to tnat found for tne second 53
requctions  of  quinoxaline and phenazine (which resulted in stable dianions), where E:
-

jEL;Z/Jf far the second reductions was linear and equal to ca. -2.4 mv/°C. Thne EE'
N

leviation in tne present case probably arises from the complicating dimerization ﬁi
’

reaction. :n the absence of other reactions AED c is related to the equilibrium

constant fir tne synpropaortionation r=action:




.
AT AT AN,

Q¥ +Qe2Q° (14)
2 -

Koy =[Q 7 (Q%][Q) (15)

AEp_c = (RT/nF) In KSYN (16)

In the present case, especially at low temperature, the DIM3 reaction operates
parallel to, and probably dominates, the synproportionation, eq. 14. In the next

sectian, 1'% will ©2e shown that K5, tne DIAL equilibrium constant, decreases wi<h

<

Increasing temperature [Taple 3

;. Stnce the dimer formed by either DIM1 or DIM2 15
tne same, 1%t 1s reasonabie to expect a similar temperature dependency for DIM3.
“nerefore, at 1w “temperature the equilibriun controlling the positions of the
second waves 1s propably a complex function of KSYH and KDIM3’ the equilibrium
constant  for the D14 3 r2action. At 150° C the effect of the dimerization is 1ass
‘mportant, and EpZA Seqins %o snift in the negative direction. This suggests tnat
when  tne dimerization reaction is not siynificant, tne synproportionation dominates
i

“ne nverail equilibrium, and henaviar similar to that found for the uncomplicated

second  eiac

ot

ron  transfers of phenazine and <quinoxaline s manifestad in “ne
mizammetry of i, f a line drawn between the three lowest temperdture points
piatted far the second reduction of A, Ffig. 9, and extrapolated to lower
temperatures, EpZA 15 predicted to 'ie well within the background process at -72° ©,
ani1 just negative of ) Y at -40° T, Close examination of Fig. 3b, reveals a siignt
sraadening  of tne current related to the generation of es° and and a oroadening of
“he corresponding oaxidation wave. These deformations may be due to the second
raquction and oxidation of A, A detailed explanation of the thermodynamics and
<inetics of this second prncess is beyond the scope of this work.

Double Potential Step Chronoamperometry. In the intermediate temperature
region, it was possible to quantify the rate of the reversidle dimerization of ¢

and  A* ysing the JPSC technique. ig. 10 presents the data in the form of plots of

2 vs. log - at temperatures between -27° C and 22° C. The reproducibility of these
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plots was verified wusing different concentrations of substrate 1in separate

experiments. A slight difference in K, over the pressure range 8 to 300 bar, Table

2
3, may indicate that the dimer is favored at higher pressure; that is, the change in
reaction volume nay favor the dimer. However, the magnitude of the observed
ditference in K2 15 close to the expected accuracy of the measurement. Perhaps the
di2lectric constant of the medium ‘which increases with pressure) favors the anion
ragicai, partially compensating the effects of reaction volume. In any case, tne
Zompressioiiity of  li3uid ammonia i3 not great, and large cnanges in K2 with P are
not 2xpected delow Tf.

it woula oe of intz2rest to make measurements of dKZ/dP in tne critical regizn
~nere the advantage »Sf tne large compressinility of the SCF could be useq to draw
zonclusions  regarding  tne reaction volume of tne dimer ang monomer. Such
Teasdrements were not nace for this system, Decause it was not possible to coilect
2Gui1Srium data at temperatures significantly above room temperature, as the ninima

-

3T Tne R us. Yog - plats f2ll in an inaccessiole time domain. Tne plots of

3. 000

wer2  fiited to the working curves ‘<ef, 20, Figs. 1.,8; to obtain values of « <

2’ _?,

ancs Tne resuits are snown in Taple 3. Tne trend is exactly that expected ‘rian

/0L anmetry; (2 decreadsas ~11n incre2asing temperatura, reflacting an increase in

rajati/e <3 o

“ne Arrnenius plots, Fig. 11, derived from “he OPSC ana vol-ammetric data are

N

"‘near and '2ad %o: I .. = 12, % . . =55, % = l7and £, . = 65 kg-mol " “,r
,‘12 ’ a,q-z ? a,AZ d,‘—a-z ' Y

ine forward and dackwar? activation energias of Q% and A¥, resoectively;. Tne

Zorresponding  ore-exponential  factors for tne forward dimerizations of )* ang ¢
\ < A5 N -
arer A, = 7« 107 ane n,z =3 4197 M "-s 7. These values are close to those “zuni

“5r  3-cyanoantnracsne AHFJ? DI e T 242, Ea I = 72.2 kd-mol ° ana

, ANCH-2
5 .
M - 7 9 Nl ‘A-*n-‘ -~ 1 + . I . : IR - iy - . .
NCieT 7 4 s T s . ne datler value 15 1n exceilent agreement witn tae three
ring aza-anaiog 'A,, Ut higher tnan tne corresponding vaili2 for Q. This i3

Surprising, since presumably fthe ore-exponential is regucea Secause 3f steric

NN

\"\'J‘I"fl-’d'fn’ffffln‘l'.'

Era sk L L 5 T Te TeTh Jo Raull R AL AL

oy -.‘.l_ RS

[
Y

0

T, .'I P i, S o M T o

-,

]
a
.

e te!
[ AR
.

4 -{l




hinderance and tne delocalization of the excess electron over the ring {19,25].
Based on these two considerations, Q should have a larger pre-exponential factor

than A, Perhaps specific mechanistic or symmetry factors are responsible for this

4545

observation.

Other examples of the Arrhenius pre-exponential factor dominating the kinetics

Ly et

of dimerization reactions have been reported. For example, the dimerization of the

TSI LL

tri-t-dutylcyclioheptatrienyl radical has a relatively low activation energy (Ea =

-1 5 -1

-1
3.7 <J=mol *), Sut the rate constant is only 3 x 10 M “s ° at 22° C [26]. The rate

) . . . . . . +
for the irreversinle dimerization of pyridine at -40° C in the presence of K has

- - -1 . .7 . . .
oeen reported as 1.5 - 4.0 x 105 1 l-s L in ammonia, d which is somewhat faster tnan

we would predict for A under the same conditions based on the Arrhenius plot, Fig.

Llo. Measurements of k2 for pyridine were not made at other temperatures, and

tnerafore tne values of Ea and A cannot be compared. kZ has heen given as 3 + 5 x

37 M t.sT for pyrimidine in AN at room temperature [7c], which is also close to
tnat found for A at 22° C in ammonia.

Tne Arrhenius plots were extrapolated to obtain predicted values for k2 and
< , Over tne temperature range -70 to + 150° C. This allowed calculation of tne

* *
1tmensianiess  parameters w=1/KZCR and 3=(RT/F)(k2CR /v) throughout the temperature

range studied. The resulting values were overlayed on the kinetic zone diagram,

5. 2, to determine the agreement between the DPSC measurements and the cyclic
voitammetry and to determine if the extrapolation of kinetic data into the
supercritical regime is Justified. The points plotted on Fig. 2 correspond to the
/izammetry displayed in Figs. 4 and 7 for Q and A, respectively. That is, tne

*
values for CR and temperature, required for calculation of -~ and *, were the sane

A

L]

as 'n the voltammograms. The scan rate used for calculation of the points in Fig. 2

L
P

was 1 /-sT7, For A, the agreement between the extrapolated kinetic data and tne

NN

voitammetry of Fig. 7 1s excellent. For example, the third point up from the bot:on

of Fi1gy. 2 on line A corresponds to Fig. 7c at 1 V-s'l. Under these conditions, the

L}
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state of the system is predicted to correspond to zone KE. This is a particularly
sensitive region of the zone diagram, since relatively small variations of v can
switch tne wvoltammetry into KP or KO. Examination of the data in Table 2 for A at

20° C indicates that the predicted behavior is found experimentally. Tne current

ratio, ip a/ip o increases witn decreasing scan rate {(corresponding to increase in
I ]
' as the system moves farther from the totally irreversible behavior found in zone

N

=1 . . .. i , -.
KP toward zone XO. At 20 V-s °, the current ratio is at a minimum, ana by 50 V-s °,
1t again increases as zone XU is approached.

Stnilar benavior 15 observed at higher temperature, particularly at 13C°

4
i

where the current ratio exceeds !, reaching a maximun of .06 at v = 12 V-5 *, Tapiz2
2. Jnder these conditions the state of the reaction is in zone £53. An analys's of
the correspondence Oetween the voltammetry and extrapolatedq DPST kinetic data

s in similar agreement.
The resultant odenavior suggests tha by adjustment of temperature, the stata of

tne  JiMl reaction can be moved vertically along the - axis relatively incependently

(&
s
.

Then, Dy choosing - tnrough adjustment of v {or ), any zone <an de

adgrassec. This system could be wused to select among ccmpetitive nathways “ar

alactro-organic syntheses or to verify a proposed mechanism.

Diffusion Coefficients. A plat of the diffusion coefficient /D versus
temperature for 0§ and A 15 snown in Fig. 12. Over tne range of temperaturas
studied, D 1increases Dy an order of magnitude, in agreement witn previous resul=s
“lol. A one alactron reduction per equivalent of soth Q and A was assumed for tne
calculation of 9, and tne excellant agreement obtained with previous resul<s

provides additional evidence for the predominance of either tne DIM1 or single-wave

JIM2 mechanism,
The experimentally determined diffusion coefficient snown in Fig. 12 are

correlated by a curve wnich represents the predicted diffusion coefficients based on
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the Stokes-Einstein equation and the experimentally determined effective molecular
radius at 25° C ([lb]. The fit is quite good, and is in agreement with that found
previously, suggesting that near-critical and supercritical fluids adhere to general
theoretical models for solvents.
CONCLUSIONS

We have shown that the dimerization reactions of the radical anions of § and A
follow the DIMl reaction mechanism. At low temperature, this reaction can be
considered irreversible, but the back reaction must bhe considered at nigher
temperatures. Additionally, we have demonstrated tnat large temperature excursions
1220° C) can be wused to tune the nature and rate of chemical reactions in a
predictable way. The supercritical state appears as a simple extension of the
Tiguid state, in that no dramatic differences are found in rates or products when
tne c¢ritical temperature of the solvent 1is exceeded. This result is important
necause it means that the unigue characteristics of the supercritical state
"tuneable dielectric constant, density, compressibility, etc.) can be exploited
1ndependent of other complicating factors. For example, the highly compressinle
supercritical state could Dbe wused to adjust the equilibrium constant of
2lactrochemically  initiatad homogeneous reactions involving large changes 1in
r2action volume. The dielectric constant of the supercritical fluid (SCF) can be
variad with prassure to sa2lect preferentially (by lowering Ea) that have a strong
dependence on the dielectric constant of the transition state.
As  was found previously [1lb], the radical anions displayed stability, even at
80° £ in the SCF. However, the dianion of A is not stable on the voltammetric
timescale and probably forms a dimer through the DIM3 mechanism. The activation
energies for the DIMl process are similar to those found for other radical anions in
a nunber of different solvents, and wnile the collision frequencias are lower than
those predicted by theory, they are in line with experimentally determined values

for related species. The aquilibrium concentrations of dimeric dianions have been

,1 v " ,.: ,':,.' _,.:_-",- ',-_-.: _'l\-'..d:_.-' \I..J‘\-"&-:.'J'..—’-' r.-—r rsr,'--__f.'.'(\r,‘r\f, \".‘J‘._-".V(.‘-f
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correlated to the dielectric constant of the solvent [6a], but we have shown that
temperature plays a far more impartant role. The equilibrium concentration of dimer
was found to fall dramatically with increasing temperature even though the
dielectric constant of ammonia also falls by an order of magnitude 1in the
temperature range used for these experiments.

In conjunction with the previous study [1b] we have shown that the
Stokes-Einstein relation for diffusion 1is generally applicable to supercritical
fluids. The entropy of formation for the radical anions was found to be in
agreement witn previous results, but we were unable to determine the formation
entropy for the dianions, since they underwent rapid reactions.

Je expected that the information derived from the kinetic study will be useful
for tne prediction of the rates and yields of synthetically wuseful,
electrochemically initiated homogeneous reactions. In electrosyntheses in water, or
mi«ed aqueous solvents, experimental control of tne product is usually through
adjustment of pH. Tne systems we have described allow flexible adjustment of
temperature and pressure for the liquid solvents, as well as control over dielectric
constant and density in the supercritical state.
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Table 1.

at low temperature.

T =-70°C. Cq = 5.67 mM

Cyclic voltammetric results and rate constants for the first
reduction and irreversible dimerization of quinoline in ammonia/CF3;SO3K

See text for explanation of symbols.

Y AR Rt TR

Ny

S S W
'y

v ipc/ V12-Cq ipa/ b T kp (x102)
(V-s) (RA-STR/ V172-M) (s) (M1s°1)
0.10 8.5 0.55 117 3.7
0.20 8.2 0.53 1.06 3.2
0.50 7.4 0.70 0.312 5.0
1.00 7.3 0.80 0.145 4.7
2.00 6.6 0.86 0.082 49
Avg. =43 £0.8
T = -40 °C. CQ =559 mM
v ip.c/ v1”2-Cq inalbe T ko (x10-2)
(V-s7) (HA-s12/ V12-M) (s) (M-1s™1)
0.20 11.7 0.54 0.565 9.4
0.50 11.0 0.65 0.218 11.0
1.00 10.3 0.72 0.133 10.8
2.00 9.84 0.82 0.0645 10.7
Avg. = 10.510.7
3
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Table 2. Cyclic voltammetric results for first reductions of quinoline and acridine at high

lemperature. The current function, by, = b,/ v'2-C, is given in pA-s¥2/ VI2.M. See text for explanation 73
¥ of symbols. X
Quinoline
T- 20 «C 40 °C - 70eC 100 oC
Pa 8.1 bar 14 bar 34 bar 61 bar N
Cao= 4.77 mM 4.57 mM 4.01 mM 3.65 mM 2
v i:,a”vip,c iFun T‘p,a/’;p,c 1f’un 1p,a“p,c 1fun 1:J,ahp,c: 1‘Fun ;
! 0.20 0.74 17 0.92 22 I
' 0.50 0.73 15 0.94 20 0.91 26 0.84 26 !
1.00 0.75 15 . 0.91 19 0.97 25 0.90 24 N
2.00 0.71 15 0.89 19 0.98 24 0.96 24 h
4.00 0.70 15 0.87 18 1.00 23 0.96 23 '
6.00 0.72 15 0.84 17 1.00 23 0.99 23 -;’
¢ 8.00 0.76 15 0.99 23 0.99 22 ™
b 100 0.81 15 0.99 23 1.01 22 -
X 15.0 1.01 23 1.01 22 o
¥ 20.0 0.86 15 )
50.0 0.94 15 N
3
¥ ;\
Te 20 oC 50 oC 100 °C 150 °C N
P= 8.1 bar 19 bar 61 bar 300 bar 3
Ca= 6.14 mM 5.76 MM 470 mM 4.30 mM N
-
v 1p,d/1p,c Teun 10’61/1p,C Teun 1p,a/"p,c Teun 1p,a/1p,c Teun !(_
LY
0.50 0.70 17 0.91 18 0.94 20 ~
1.00 0.65 16 0.89 18 0 a8 17 0.93 22 ~5
2.00 0.59 16 0.86 17 16 0.99 21 Ny
4.00 0.55 16 0.79 17 .9 16 1.02 21 .
6.00 0.56 15 0.76 17 1.01 16 1.04 20 R,
8.00 0.54 15 0.75 17 1.03 16 1.05 19 a7
10.0 0.54 15 0.74 17 1.02 15 1.04 19 R
12.0 0.54 14 0.73 17 1.01 15 1.06 19 -~
20.0 0.41 13 0.72 16 1.01 15 1.05 18 a
50.0 0.56 12 _'
e,
o>
KN
)

[N
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Table 3. Kinetic and Thermodynamic Parameters for the Acridine and Quinoline -4
Systems. e
At
v
T (°C) P (bar) Conc. (mM) ko (M-1s1) k5 (s7Y) K, (M-1) et
Acridine E: i
!
22 8.1 6.14 2.8x105 175 1.6 x 104 e
-5 35 6.50 1.3x 108 2.7 4.9 x 104 3-;
-15 23 6.63 9.5 x 104 0.63 1.5x 105 R
-27 1.4 6.80 7.4 x 104 0.080 9.2 x 108 i
Quinoline 'x
-)}-
21 8.1 7.44 48x10% 57 8.4 x 102 =]
2 300 9.27 3.8x103 3.9 9.6 x 102 )
0 42 8.00 3.3x 103 0.66 5.0 x 103 ’.
-11 27 5.14 1.9x103 0.31 6.2 x 103 Y,
-404 0.7 5.59 1.1x 103 7
-70a 0.1 5.67 43 x 102 3

8At these temperatures k_; and K; were not obtained.
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Suggested structures for the coupled radical anions of quinoline
and acridine. (A) 4-hydro-1',4-biquinolinyl dianion. (B) 4,4'-
dihydro-4,4'- biquinolinyl dianion. (C) 9,9'-dihydro-9,9'-biacridinyl
dianion. (D) 9-hydro-9,10'-biacridinyl dianion.

Kinetic zone diagram for radical-radical dimerization (DIM1). X=
1/K,C. A= (RT/F) (k2CR' /v). The lines Q and A represent the

kmetlc and thermodynamic state of the quincline and acridine
systems over the temperature range studied. The points
correspend to the conditions of the voltammetry shown in Figures

4 and 7 for v= 1 V/s. The points nearest the bottom of the figure
represent Figures 4A and 7A, and the topmoest points correspond
to Figures 4F and 7F. The plots were constructed by extrapolating
the kinetic information in Table 3 to the appropriate temperature.
For definiticns of the zones see text. (Zone diagram derived from
reference 15, p. 352).

Cross sectional view of the high pressure/high temperature
electrochemical cell (Type 1). (A) Closure boit (Grade 6; 5/16-24).
(B) 1/4 inch Taper Seal™ to 1/4 inch NPT adapter. (C) Tunsten
disk working electrode. (D) Internal thermocouple. (E) Silver
quasi-reference electrode. (F) Stainless steel tubing for
connection to vacuum line and pressure sensor. (G) External
thermocouple (to temperature controller). (H) Gasket groove. (I)
Metal gasket. (J) Thermocoupie well. (K) Stainless steel cell
body. (L) Pyrex™ liner.

Cyclic voltammetry of the first reduction of quinoline (Q) in
ammonia/CF3SO3K at a tungsten working electrode (A=0.0083

m?) between -70 °C and 150 °C. (A) T=-70 9C, P=0.10 bar,

[Q]=5.67 MM, Eq/9=+0.800 V, v=0.20 V s-|. (B) T=-40 OC, P=0.70
bar, [Q]=5.39 MM, E1/0=+0.815 V, v=0.20 V-!. (C) T=20 °C, P=8.1
bar. [Q]=4.77 MM, E{;=+0.617 V, v=0.20 V s*!. (D) T=70 0C,
P=34 bar, [Q]=4.01 mM, E{/2=+0.549 V, v=0.50 V s-'. (E) T=100
OC, P=61 bar, [Q]=3.65 MM, Ey/9=+0.474 V, v=0.50 V s*!. (F)
T=150 OC, P=300 bar, {Q]=3.34 mM, Eq/0=+0.0.400 V (estimated),
v=1.0 V s-1. The concentration of CF,SO4K was 0.20 M at -70 °C,

and fell to 0.12 M at 150 °C because of the decrease in solvent
density. The current scale is indicated by the height of the vertical
mark on each figure which is equal to 20 uA for Figures A-C, and
50 uA for Figures D-F. Scans began and ended at the vertical
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mark. Eq,o was determined in a region of reversible kinetics and ."
is reported vs. the onset of solvated electrons. ]
! | o
; Figure 5. Cyclic voltammetry of the first reduction of quinoline (Q) at various &
scan rates in ammonia/CF3SO3TBA at 22 °C and 300 bar. For b
scan rates between 0.1 and 500 V-s1,ip a/ip ¢ = 1.0 £ 0.04, and "
AEp=70+£10 mV. The height of the vertical mark on each ~
voltammogram represents the current scale (ig¢), and the initial "
and final potentials. Foruv < 1.0 V-s-! the electrode area (A) was ;l;'
2.9 x 10-3 cmZ2, and for higher scan rates A =1.2 x 104 cm2. [Q] = za
9.17 mM, [CF3SO3TBA] = 0.18 M. TBA is the tetra-n- b
butylammonium cation. All potentials are vs. eg™. (A) v=1.0 V/s! )5
b
5c=25 WA, ip afip ¢=1.00, ip ¢/ /2-A=19.5 mA-s1/2/v1/2-cm2, .
E1/2=+0.635 V., AEp=70 mV. (B) v=10 V/s'!, igc=2.5 pA, A
ip.alip,c=0.99. ipvc/u1/2-A=2O.2 mA-s1/2/V1/2.cm2, Eq/0=+0.641 ‘
V. AEp=60 mV. (C) v=100 V/s!, igc=25 pA, ip alip c=0.97, y
ip'C/u1/2-A=19.5 mA-s1/2/V1/2-cm2, E1/9=+0.635 V, AEp=60 mV. :3.:-
Figure 6. Cyclic Voltammetry of the first two reductions of quinoline in [-
ammonia/CF3SO4K. Conditions for Figures A-F are the same as
in Figure 4. -
Figure 7. Cyclic voltammetry of the first reduction of acridine (A) in
ammonia/CF,SO4K at a tungsten working electrode (A = 0.0083 '
cm2) between -65°C and 150 °C. (A) T=-65 OC, P=0.10 bar, %
[A]=7.24 mM, Eq/0=+1.270 V, v=0.20 V s-1 (B) T=-40 OC, P=0.70
bar, [A]=6.94 mM, Eq/0=+1.136 V, v=0.20 V s-!. (C) T=20 OC, )
P=8.1 bar, [A]=6.14 mM, E1,2=+1.023 V, v=0.20 V s-1. (D) T=50 _:,
OC, P=19 bar, [A]=5.65 MM, Ep=+1.000 V, v=1.0 V s°*. (E) T=100 o
OC, P=61 bar, [A]=4.70 mM, Ep=+1.015 V, v=1.0 V s-!. (F) T=150 -
0C, P=300 bar, [A]=4.30 mM, Eq/0=+0.848 V, v=1.0 V 1. The =
concentration of CF,SO4K was 0.20 M at -65°C, and fell to 0.12 M N
at 150 °C because of the decrease in solvent density. The current
scale is indicated by the height of the vertical mark on each figure ]
which is equal to 20 pA for Figures A-C, and 75 uA for Figures D- n
F. Scans began and ended at the vertical mark. Eq,o0 was N
determined in a region of reversible kinetics and is reported vs. the b
onset of solvated electrons. Potentials are vs. eg”. '..,h
A
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Figure 8. Cyclic Voltammetry of the first two reductions of acridine in 5
ammonia/CF,SO5K. Conditions for Figures A - F are the same as o
in Figure 7. E,, for the second waves are:(C) +0.250 V; (D) +0.383 o~
V; (E) +0.476 V; (F) +0.441 V.
Figure 9. Dependence of the polarographic haif-wave potential (Eq,2) or
peak potential (Ep) on temperature for the first reduction of Q, and o
the tirst and second reductions of A. The slopes of the lines =7y
(dE/dT) are: A, -2.6 mv/OC; Q, -2.0 mV/OC. The closed circles and Y
squares are Eq,o values corrected for temperature and kinetics, :‘;—-_
and the open triangles and squares are Ep not corrected for
temperature or kinetics. o
Figure 10. Double potential step chronoamperometric anaiysis of the ¥ "_
electrodimerization of Q (Figures A-D) and A (Figures E-H) in ;'-_
ammonia containing 0.14 to 0.20 M CF3SO3K. 6 is the potential »
reversal time in seconds, and R is the normalized current ratio. s
The lines connecting the experimentally determined points were t::
derived from a working curve (Reference 20). (A) T=21 OC, P=8.1 :-;:
bar, [Q]=7.44 mM, Ko=8.4x102 M-1. (B) T=22 ©C, P=300 bar, o
[Q]=9.27 MM, Ko=3.6x102 M-1. (C) T=0 OC, P=4.2 bar, [Q]=8.00 ’.
mM, Ko=5.0x103 M-1. (D) T=-11 OC, P=2.7 bar, [Q]=5.14 mM, o
Ko=6.2x103 M-1. (E) T=22 OC, P=8.1 bar, [A]=6.14 mM, N
Kp=1.6x104 M-1. (F) T=-5 0C, P=3.5 bar, [A]=6.50 mM, NS
Ko=4.9x104 M-1. (G) T=-15 0C, P=2.3 bar, [A]=6.63 mM, o
Ko=1.5x109 M. (H) T=-27 0C, P=1.4 bar, [A]=6.80 mM, >
K2=9.2x105 M-1. N
N
Figure 11. Arrhenius plots for the electrodimerization of Q and A in :f.
ammonia containing 0.14 to 0.20 M CF3SO3K. (A) Forward o
dimerization rate constant, kp. E5 Q=12 kJ/mol; A=7x109 M-Ts"1; L
Ea,A=17 kd/mol; A=3x108 M-1s-1. (B) Backward dimerization rate A
constant, k.p. Eq @=55 kJ/mol; A=1x1010 s-1; E; =65 kJ/mol; o
A=8x1012 51,
®
Figure 12. Dependence of the diffusion coefficients on temperature. ~_',-'}
The points represent the experimental data, and the solid line ‘:',-'.-
represents the Stokes-Einstein fit based on the experimentally o
determined effective molecular radius (r) at 25 0C: Q, r=2.27 A; A, o
r=2.93 A.
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